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Abstract

Special moment frames having specially detailed connections are common in high
seismic regions, providing architectural flexibility for passageways and views without brace
obstructions. In situations where the building framing layout requires deviation from typical
rectangular framing, skew in the moment frame connections may be required. Currently, the
AISC prequalified connections only include testing of orthogonal moment frame connections
and it is unclear whether the existing design methods can accommodate skew at the beam-tocolumn connections. To investigate the effect of out-of-plane skew on the performance of
reduced beam section special moment frame connections, an experimental test is designed and a
preliminary prequalification test is performed. This thesis presents the experimental design and
test-setup analysis for prequalification of skewed moment frame connection testing. Results
highlighting issues with the test-frame flexibility are discussed, and recommendations are
provided to enhance the quality of test for future prequalification testing.
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Chapter 1. Introduction

1.1.

Overview
Special structural systems are required to transfer earthquake lateral forces in high seismic

areas. Special Moment Frames (SMFs) are structural systems which consist of highly detailed
connections providing both lateral stiffness and ductility through specially detailed beam-tocolumn connections. Reduced-Beam-Section (RBS) connections (where sections of the beam
flange are removed to prevent force overload at the connection welds) have been commonly used
since their development following 1994 Northridge Earthquake when unanticipated weld
fractures were observed (see figure 1) [4][9][10][11]. In RBS connections, the removed flange
portion (see figure 2) prevents large forces at the connection welds by moving the plastic hinge
formation away from the beam-to-column flange welds and allowing the stable yielding of the
beam [5].

Figure 1. Failure modes in 1994 Northridge earthquake
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Figure 2. RBS connection
Separate from the seismic demand at the building location but equally important,
architectural function should also be considered when choosing an appropriate structural system.
For example, there are cases where architectural plans require the use of non-orthogonal
connections in the structure (see figure 3). The skew in the connections can be in-plane, out-ofplane, or a combination of both as shown in Figure 4 [8].

Figure 3. Deviation from orthogonality in the connections of a structure
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Figure 4. Types of skew in a beam to column connection a) in-plane skew, b) out-of-plane
skew [8]
1.2.

Background
Since SMFs do not include diagonal members (braces), they provide more architectural

flexibility. On the other hand, they are limited by AISC code pre-qualification which lacks in
guidance for situations where the beam-to-column connections are non-orthogonal.
In-plane skewed RBS connections have been investigated by Kim et al. [7]. Also, Prinz
and Richards [8] evaluated the performance of out-of-plane skewed RBS connections by
simulating two types of models in ABAQUS. One representing typical laboratory connection
specimen, and the other one representing building conditions. Results indicated a complicated
relationship between the out-of-plane skew, column twisting, column yielding, and RBS strain
demands.
In an effort to extend the work of Prinz and Richards [8], Desrochers [2] investigated the
effects of column axial loads on column twisting and yielding in RBS connections having out-ofplane skew. The study by [2] involved finite element modeling of SMF RBS connections
3

including models with four out-of-plane skew angles of 0o, 10o, 20o, and 30o; three column sizes
including shallow, medium, and deep columns; and four levels of axial loads including 10%, 15%,
25%, and 50% of the column nominal compressive strength (ΦPn). The results of his analytical
study show that the skew angle of the connection is the dominant factor in resulting column twist,
and the effect of column axial load on column twist and column flange yielding is negligible.
Dominguez [3] performed parametric component-level and system-level time history
analysis of skewed connections to investigate the connection capacity, column twist and yielding,
connection response, and fatigue performance. The study by [3] also evaluated the performance
of the skewed connection when a concrete slab is included. The results of his simulations indicate
that increasing the skew angle decreases the SMF RBS connection capacity and increases the
column twist. Moreover, column flange yielding for skewed connections having medium and deep
columns is increased as the skew angle becomes larger. Also, RBS section’s low-cycle fatigue
fracture susceptibility increases with skew angle.
1.3.

Project Objectives
The studies mentioned earlier mostly focus on analytical investigations into skewed SMF

behavior. To explore the behavior of skewed SMFs experimentally, design and experiment to
examine the analytical results by comparing them to those derived from the experiment.
This thesis reports a large-scale experiment performed on a skewed RBS connection.
Design of the experiment is provided. Following, the experimental setup, results, and the problems
faced during the test are given.
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Chapter 2. Overview of the Experiment

2.1 Description of the specimens
A total of 9 1- story connection assemblies were considered to be tested. They included three
different size columns (shallow, medium, and deep) connected to beams with three different levels
of skew (10, 20, and 30 degrees).
Table 1 summarizes the specimens. The beams selected (W 24 x 76 and W 36 x 150) were
intentionally light since the flange width-thickness ratio of these beams narrowly satisfies the
seismic compactness requirements. Three levels of out-of-plane skew were considered for each
combination of beam-to-column connection. To completely weld the beam flanges to the
column, the effective beam flange width resulted from the out-of-plane skew (bfe) must be
smaller than the column flange width. (figure 5). The selected column and beam sizes
accommodated the largest out-of-plane skew angles. Specimen S2 (W14 x 132 column and W
24 x 76 beam with the skew angle of 20 degrees) was tested for this thesis.
Table 1. Specimens matrix
Model
S1
S2
S3
S4
S5
S6
S7
S8
S9

Column
section

Beam
section

Beam skew angle
(degrees)

W14 x 132
W14 x 132
W14 x 132
W18 x 86
W18 x 86
W18 x 86
W30 x 173
W30 x 173
W30 x 173

W 24 x 76
W 24 x 76
W 24 x 76
W 24 x 76
W 24 x 76
W 24 x 76
W 36 x 150
W 36 x 150
W 36 x 150

10
20
30
10
20
30
10
20
30
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Figure 5. Effective beam flange width (bfe) [8]
A992 steel was used for fabricating beams and columns. Also, A572 Gr 50 steel was used
for the continuity plates (CP) and doubler plates (DP). Beams and columns were fabricated by a
commercial fabricator company. The welding procedures for CJP groove weld for both beam
flanges followed the requirements of AISC 358-16 and American Welding Society (AWS). CJP
welds and fillet welds of continuity plates and doubler plates were designed based on
specifications presented in AISC Steel Construction Manual, and AISC 358-16.
After the 1994 Northridge earthquake, it was found that the CJP weld of bottom flanges is
more likely to fail under brittle fracture. Hence, the real field conditions during the fabrication
of SMF beam-to-column connections were provided by removing the backing bar on the bottom
flange, back-gouging the weld root, and back-welding with a reinforcing fillet weld. The
specimens were placed in vertical position during the welding procedures in the shop in order to
simulate the condition of field welding. (figure 6). Figure 7 shows the connection welding details
used. Gas-Shielded, flux-cored arc welding with a E70T-1C electrode was used. Fabrication
details are available in Appendix A.
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Figure 6. Specimen's position during fabrication [3]

Figure 7. Connection welding details [3]
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2.2 Design of the experiment
2.2.1 Supporting frame configuration
With the SSRL floor-to-ceiling space limited, the specimen was oriented parallel to the
ground securing it in a rectangular self-reacting frame as shown in Figure 8. The self-reacting
frame for loading the SMF specimens contains two W12 x 210 wide flange sections having a
length of 20 ft (horizontal sides) connected to a pair of W12 x 136 wide flange sections with the
length of 10’ – 10”. Additional W12 x136 sections with the length of 3’- 10” were longitudinally
connected together to form the self-reacting frame sides (see figure 8). All frame members were
placed on the ground in H shape position. Holes were made on all of the frame parts making it
possible to connect specimens of different types and sizes to it. The longer members of the frame
(W12 x 210) were stiffened in three locations along their length, 50 inches from the left side, 50
inches from the right side, and in its middle. The stiffeners at each location included three PL ½
x 10 3/8 at the top of the member, and three PL ½ x 5 ¾ at the bottom. Details of the supporting
frame are available in Appendix B.

Figure 8. Supporting frame
8

2.2.2 Connecting the specimen to the supporting frame
The specimen’s beam was placed parallel to the floor on channels which were connected
to the two horizontal beams of the supporting frame at their bottom and top (see figure 11). The
beam was kept horizontal and the column made an angle of 20 degrees (the skew angle) with the
horizon (see section A-A in figure 16).
The column was connected to the supporting frame at three locations (figure 16). First, the
bottom section of the column was connected to the horizontal beam of the supporting frame using
a 24” x 24” x 1” plate and four A490 1” diameter bolts. Then the flange was connected to the
vertical beam of the supporting frame at the top and bottom ends of the column using wedges.
Figure 9 shows the wedges used for this purpose. Four A490 1” diameter bolts were used to
attach the column flange to each wedge, and four other bolts of the same type were used in order
to attach the wedge to the supporting frame.

Figure 9. Wedges used to connect column flange to the supporting frame

9

2.3 Beam lateral supports
The beam had to be laterally braced at two locations, (1) in a distance of half of its depth
(d/2) from the end of the RBS cut, and (2) at its tip. These locations were selected intentionally
because they represent the minimum level of lateral bracing allowed in AISC seismic provisions.
To provide the mentioned lateral supports, two W 12 x 136 were placed at the top of the
beam and secured to the channels at the their top and bottom. Two pairs of angles were used to
secure each lateral support beam to the channels.
2.4 Hydraulic Actuator Connections
The actuator was supposed to apply displacements at the tip of the beam, but since it was so
large and, on the other hand, the available space at SSRL was limited, an L-shape member had
to be designed to transfer the actuator force to the beam (figure 10). The L-shape member
included a W14 x 153 with a length of 4.6 ft which were stiffened with a 1” thick plate at both
ends. Two trapezoidal members were connected to the end of the W section attaching it to the
head of the actuator using a half-moon shape member.
The actuator had to be strongly secured to the supporting frame. To do so, a rectangular
member was designed to be placed between the actuator and the frame (figure 11). It was
composed of two parallel plates of the size 26” x 30” x 1” which were connected together using
two plates of 30” x 6” x 0.5” which were placed perpendicular to each of the two main plates
and welded to them all along their length. Moreover, three other plates of the same size were
welded between the main large plates to act as stiffeners.
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Figure 10. Connecting the actuator to the beam

Figure 11. Connecting the actuator to the supporting frame
2.5 Loading protocol
The specimen was loaded at the beam tip using a displacement-based protocol which is
derived from chapter K of AISC 341-16 (figure 12). The loading protocol specifies the number
of cycles and the amount of rotation to be applied at each cycle. This loading protocol has been
previously used in experimental and analytical tests by Chi and Uang [1], Tsai et al. [3], Prinz
& Richards [8], and Kim et al. [7].
11

Figure 12. Loading protocol
It starts with 6 cycles at 0.00375 radians, followed by 6 cycles at 0.005 radians, 6 cycles
at 0.0075 radians, 4 cycles at 0.01 rad, 2 cycles at 0.015 rad, and then 2 cycles at 0.02 rad, 2
cycles at 0.03 rad, 2 cycles at 0.04 rad and so on.
According to AISC seismic provisions, in order for a connection to be prequalified, it has
to successfully complete 2 cycles at 0.04 radians, but this loading protocol continues beyond
0.04 radians drift to study connection capacity at sever deformations.
2.6 Strain gauges and LVDTs
Strain gauges and Linear Variable Differential Transformers (LVDT) were used to
collect the experiment data. Strain gauges captured strain/stress demand in the RBS area and
LVDTs recorded the relative displacement of the frame corners, column, beam’s midpoint, and
also panel zone deformation.
Figures 13 and 15 show the location of the strain gauges and figure 16 presents the location
of the LVDTs. Displacement data from diagonal LVDTs (figure 14) were used to calculate the
column twist.
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Figure 13. putting the strain gauges: a & b) strain gauges on column flange, c) strain gauges on
RBS

Figure 14. Diagonal LVDTs
The process of the experiment includes applying displacement at the beam tip using the
loading protocol introduced in previous section, and then, recording the strain, displacement,
and moment data in the RBS area. Strain data is captured using strain gauges which are mounted
13

on the RBS connection region, panel zone, and on the column close to the connection welds
(figure 13 and 15). Displacements are measured using Linear Variable Differential Transformers
(LVDTs) which are placed in panel zone area, end of the column, midpoint of the beam, and in
the top corners of the supporting frame (figure 16).

Figure 15. Position of strain gauges, a) beam's top flange, b) beam's bottom flange, c) column
elevation [3]
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Figure 16 . Position of LVDTs [3]
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Chapter 3. Preliminary Prequalification Test

3.1 Observed specimen performance
A displacement-controlled test was performed on the specimen S2 (W14x132 column and
W 24x76 beam with the skew angle of 20 degrees) with the hydraulic actuator. The specimen
completed the first 18 cycles of the loading protocol (6 cycles in 0.00375 rad, 6 cycles in 0.005
rad, and 6 cycles in 0.0075 rad) without any issues. It also performed well when the subsequent
cycles of 0.01 rad, 0.015 rad, and 0.02 rad were applied (2 cycles for each of them), but, beginning
the 0.03 rad cycles, the reaction frame started moving considerably. Figure 17 shows the relative
displacement of the frame. As shown in figure 17, the frame acted well in the direction parallel to
the column because the parallel channels had also stiffened the frame in that direction. On the
other hand, it displaced a lot in the direction parallel to the beam because of a lack of stiffness in
that direction. Most of the bolts were loose after the test, and one of them was broken at the upper
right corner of the frame. Because of the movement of the frame, the research team decided to
stop the test before reaching 4% drift.
From the flaking of the whitewash on the beam flanges in RBS section and also between
the RBS section and connection welding, it was obvious that yielding had occurred in those areas
(figure 18).
Figure 19 shows the resisting moment versus drift angle for the specimen in test 1. The red
diagram shows the results of the experiment and the blue one shows those from analytical models.
The green diagram indicates the back-bone curve from the analytical hysteresis diagrams. As
illustrated in the diagram, the connection has resisted a moment of about 580 k-ft. For the same
applied moment, the connection rotation is higher for the experimental test because of the frame’s

16

lack of stiffness. Also, in a drift of 2%, the analytical resisting moment is almost twice the
experimental one.

Figure 17. Relative displacement of the supporting frame

Figure 18. Beam yielding during test 1: a) RBS, b) between RBS and connection welds
17

Figure 19. Resisting moment - drift angle diagram for test 1 [3]
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Chapter 4. Modification of the Experimental Setup following Preliminary Test

4.1 Stiffening strategy for self-reacting frame
As mentioned earlier, the frame showed rather high displacement in the direction of the
beam, so three pairs of HSS sections were added to the frame to act as diagonal lateral braces for
the frame stiffening it in both directions. They were connected to the supporting frame’s channels
as illustrated in figure 20. Calculation and design procedure of the braces has been provided in
Appendix C, and detailed analysis of resulting frame deflections is provided in the following
section. Figure 20 shows the resulting truss designed to reduce self-reacting frame deflections
during specimen loading, along the specimen beam lateral supports.

Figure 20. Stiffening truss for the support frame and Beam lateral supports.

4.2 Finite element simulation of stiffened frame and specimen
A finite element model was used to simulate the frame and specimen. ABAQUS program
was used for this purpose. Figure 21 shows the boundary condition for the model. To simulate the
19

lateral bracing, the beam was restrained against out-of-plane movement (along Y axis), and also
rotation about Z axis at d/2 from RBS. In the point where the loading protocol is applied (beam
tip), the beam was restrained against displacement along Y axis and rotation about Z axis. Also,
displacement along X axis was limited to 173.165 inches which is the maximum displacement it
has due to the loading protocol. Moreover, at that point of the rectangular frame where the actuator
is attached, all of the six degrees of freedom were constrained. Also, the frame has been restrained
against out of plane movement at all four corners.

Figure 21. Boundary conditions

Figure 22 shows the results of the analysis. as the stress contours in figure show, the
beam has yielded in the RBS region. Local buckling of the web and flanges is obvious.
Moreover, stress concentrations are observed on the column at the points it was connected to
the frame.
20

Figure 22. stress contours on deformed shape

Figure 23 and 24 show frame displacement in model 2 at point 1 and 2 respectively. As
observed in displacement diagrams, the frame has not experienced any out of plane movement
this time (U2=0) because it was restrained against such a movement at its corners. On the other
hand, it has in plane displacements of U1max= 0.09 inches, U3max=0.09 inches at point 1, and
U1max= 0.11 inches, U3max=0.004 inches at point 2.

21

Figure 23. Frame displacement at point 1

Figure 24. Frame displacement at point 2
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4.3 Observed specimen performance following reaction frame stiffening
After stiffening the frame with diagonal braces as mentioned in previous section, the test
on specimen S2 was repeated. The same loading protocol was applied by the actuator during a
displacement-based test.
The specimen performed well during the first 18 cycles (6 cycles in 0.00375 rad, 6 cycles
in 0.005 rad, and 6 cycles in 0.0075 rad) without any problem. It also completed 4 cycles in 0.01
rad, 2 cycles in 0.015 rad, 2 cycles in 0.02 rad, and 2 cycles at 0.03 rad. This time, at the beginning
of the second 0.04 rad cycle, the supporting frame started moving and also the L shape member
which connected the actuator to the beam started bending upward causing twist at the tip of the
beam. So, the test was stopped again because it was unsafe to continue it. The whitewash on the
RBS area was faded more indicating more yielding had occurred.
Figure 25 shows the moment versus drift angle for the specimen in test 2 along with a backbone curve derived from the analytical study of the model. The red diagram shows the results of
the experiment and the green one shows the maximum cycles completed by the analytical models.
As illustrated in the diagram, the connection has resisted a moment of about 810 k-ft. It has also
completed one cycle in a drift of 4%. Again, for the same applied moment, the connection rotation
is higher for the experimental test.
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Figure 25. Resisting moment - Drift angle diagram for test 2

4.4 Further frame retrofits with floor restraints
In order to limit further movement of the supporting frame, eight small angle sections were
bolted and secured to the ground at frame corners (figure 26). Moreover, to increase the torsional
resistance at the beam tip, two stiffener plates were welded between the beam flanges at the end
of the beam in both upside and downside of it.

Figure 26. Restraining supporting frame with installing angles at its corners
24

Although the specimen was already tested for two times and it had rather large yielding
lines on the whitewash on RBS area, the research team decided to repeat the test on the specimen
for the third time to see if it can complete 2 cycles with 4% drift while supporting frame corners
were restrained.
4.5 Observed specimen performance following floor restraint additions
Figure 27 shows the moment versus drift angle for the specimen in test 3 along with a backbone curve derived from the analytical study of the model. The red diagram shows the results of
the experiment and the green one shows the maximum cycles completed by the analytical models.
As illustrated in the diagram, the connection has resisted a moment of about 514 k-ft (which is
even smaller than the moment resisted during test 1). The experimental results show more rotation
of the connection while the moment capacity is much less than the analytical model. As in the
diagram, the specimen completed 2 cycles in 2% drift. A reduction in moment capacity is observed
at first cycle in 3% drift. This is because the specimen had already undergone yielding in the past
two tests.
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Figure 27. Resisting moment - Drift angle diagram for test 3
Figure 28 shows the beam flanges in RBS area. Longer and wider yielding lines were
observed at the RBS, between the RBS and connection welds, and also on the column flange close
to the welds. As in figure 29, the beam web had also buckled upward in the RBS zone. It was also
found that the beam flange had buckled at the end of the beam (figure 30). The L shape member
was bent upward. So, the force applied by the actuator was no longer in-plane, and its vertical
component caused torsion at the end of the beam.

Figure 28. Beam yielding during test 3, a) RBS, b) between RBS and connection welds
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Figure 29. Beam web buckling

Figure 30. Minor beam flange buckling at the end of the beam

On the other hand, LVDTs’ data showed that the frame displacement was much less at this
time compared to the earlier tests although the displacement was still unacceptable to continue the
test.
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4.6 Test Setup Decision for Future Prequalification Testing
As mentioned earlier, the approaches taken to stiffen the supporting frame could not
adequately prevent the frame from moving during the test. On the other hand, it was not
economically justified to design foundations for the frame to provide adequate anchorage,
therefore, the research team decided to postpone performing tests on other specimens (those with
different skew angles or column depth) until the new structural lab is constructed.
The new structural testing lab located adjacent to the University of Arkansas Engineering
Research Center (ERC) is scheduled to be constructed in June of 2021. In the new lab, it will be
possible to more adequately anchor the specimen during loading. Figure 31 shows a preview from
the new structural engineering lab and Figure 32 shows the new test setup to be used.

Figure 31. New Structural Engineering lab – University of Arkansas
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Skewed SMF
specimen

Beam lateral
restraint
220 kip servohydraulic actuator

Connection to
strong-floor

Strong-floor
connection:
240 k (axial)
220k (shear)

Figure 32. Experimental setup for skewed SMF pre-qualification testing using new structural
testing facility
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Chapter 5. Summary and Discussion

To investigate the seismic behavior of RBS connections having out-of-plane skew, a large-scale
experimental test was designed. Cyclic displacements were applied to a preliminary skewed RBS
specimen using a 220 K servo-hydraulic actuator to investigate behavior of the test setup. Due
to the lack of stiffness of the supporting frame, the test was repeated for three times while the
supporting frame was stiffened in each time to limit its movement. Additional analyses and
design were conducted to stiffen the self-reacting frame under the three-contact-point loading
produced during the prequalification testing. The connection resisting moment - drift diagram
was drawn for the specimen in each test to compare with analytical results completed by others.
The following conclusions are from design, analysis, and testing of the experimental setup:
1) During test1, the connection resisted a moment of about 580 k-ft. For the same applied
moment, the connection rotation was higher for the experimental test because of the
frame’s lack of stiffness. Also, in a drift of 2% for instance, the analytical resisting
moment was almost twice the experimental one. Moreover, yielding had occurred in the
beam in RBS and in a distance between RBS and the connection.
2) During test 2, the connection resisted a moment of about 810 k-ft. It also completed one
cycle in a drift of 4%. Again, for the same applied moment, the connection rotation was
higher for the experimental test, indicating increased frame stiffness from the retrofit.
3) During test 3, the connection resisted a moment of about 514 k-ft (which is even smaller
than the moment resisted during test 1). The experimental results showed more rotation of
the connection while the moment capacity is much less than the analytical model. The
specimen completed 2 cycles in 2% drift. A reduction in moment capacity was observed at
30

first cycle in 3% drift because the specimen had already undergone yielding in the past two
tests. Longer and wider yielding lines were observed at the RBS, between the RBS and
connection welds, and also on the column flange close to the welds. The beam web buckled
upward in the RBS zone. It was also found that the beam flange had buckled at the end of
the beam (at the hydraulic actuator connection). The L shape member was bent upward,
causing and out-of-plane force to the beam end which resulted in torsion of the beam
section.
4) It is recommended to use the new CEREC strong floor and proposed new test setup for
additional prequalification testing.
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Appendix A. Welding Report for Specimen Fabrication
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Appendix B. Supporting Frame Details
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Appendix C. Calculation and design process of the frame’s bracing
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